Cortical microcircuits in a variety of brain regions express similar, highly nonrandom, synaptically-connected 16 cell triplets. The origin of these universal network building blocks is unclear and was hypothesized to result from 17 plasticity and learning processes. Here we combined in-silico modeling of dense cortical microcircuits with 18 electrophysiological/anatomical studies to demonstrate that this recurring connectivity emerges primarily from 19 the anisotropic morphology of cortical neurons and their embedding in the cortical volume. Using graph-20 theoretical and machine-learning tools, we developed a series of progressively more complex generative models 21 for circuit connectivity that considers the geometry of cortical neurons. This framework provided predictions 22 for the spatial alignment of cells composing particular cell-triplets which were directly validated via in-vitro whole-23 cell 12-patches recordings (7,309 triplets) in the rat somatosensory cortex. We concluded that the local geometry 24 of cortical neurons imposes an innate, highly structured, global network structure, a skeleton upon which fine-25 grained structural and functional plasticity processes take place. 26 65 the rat somatosensory cortex 13 ; its volume is of ~0.3 mm 3 with ~40 million synapses. Top right -a slice in L5 from 66 the NMC circuit shown at left, with L5 thick tufted pyramidal cells (L5-TTPC) colored in red and L5 Martinotti cells 67 (L5-MC) in blue. Lower frame -graph theoretical analysis of the connectivity diagrams for the two cell types shown 68 above, highlighting the overrepresented triplet motifs (e.g., motifs #3 and #4), the underrepresented (e.g., motif # 7 69 for L5-TTPCs) ones, and those that are similarly represented, as compared to the respective distance-dependent 70 random network (Methods). Triplet #4 is marked in yellow and triplet #10 in light blue, as in a, bottom. c, 71 Universality of overrepresented triplet motifs in a variety of neuronal microcircuits. Note that triplets #3 and #4 are 72 overrepresented in all circuits. The brain regions from which these microcircuits reside in is depicted schematically 73 at left; the expression of the various triplet motifs in these circuits is shown at right. Triplet motifs expression data is 74 displayed for primary visual cortex 3 ; somatosensory cortex 4 ; interneurons in the cerebellum 5 ; dense in silico somato-75 sensory cortex 14 , and for dense in silico barrel cortex 15 . 76 4 77 78 Figure 2. The anisotropic connectivity among cortical neurons and their spatial embedding in 79 cortical volume underlie the emergence of triplet motifs in the NMC. a-e, a series of progressively more 80 complex generative models for the circuit connectivity of L5 thick-tufted pyramidal cells (L5-TTPC). a, 1 st order 81
INTRODUCTION
Structural connectivity in neuronal circuits plays a key role in governing the network dynamics and the emerging 28 brain functions 1,2 . Connectomes at both the microscale, the mesoscale and the macroscale exhibit structured, 29 highly nonrandom, connectivity patterns [3] [4] [5] [6] [7] . A glimpse into the microscale connectivity diagram in several complex generative geometrical circuit models we showed that, indeed, the asymmetrical geometry of neuron's 48 morphology, and their embedding in cortical 3D space, is sufficient to explain the profile of triplet motifs in the 49 NMC. We next studied experimentally the appearance of triplet motifs using 12-patch whole-cell recordings 50 from layer 5 thick tufted pyramidal cells (L5-TTPC) in the rat somatosensory cortex. We found a close match 51 between the physical position of L5-TTPCs forming a specific triplet motif in the NMC and their position in 52 the biological tissue. This implies that the local geometry of L5-TTPCs and their distribution in the 3D cortical 53 volume impose an innate global and highly structured skeleton in the L5-TTPCs circuit. We argued that plastic 54 processes and/or genetic processes that shape specific cortical connectivity add second-order refinements to the 55 already existing innate connectivity pattern of cortical microcircuits. with respect to the cell somata centered at 0,0 (superposition of 50 TTPC cells). a2, Distribution of triplet motifs for 102 TTPC cells (n=2,003). a3, Kullback-Leibler divergence between the motif distribution observed in the NMC and 103 each of the 5 models shown in a2. Note the gradual improvement with model complexity. A4, spatial embedding of 104 neurons composing motif #4 (mean ± s.d.). b-d, As in a, but for (b) L6 inverted pyramidal cells (n = 3,476), (c) L5 neurons circuit shown in a. c, All instances for three triplet motifs (#3, #4 and #10) that were extracted from the 113 circuit diagram shown in b. The relative depth (z axis) of the cells composing these triplets is preserved. E.g., note 114 that, for triplet #3, in most (but not in all) cases the presynaptic cell (red circle) is located above the two postsynaptic The motivation that ignited this study is summarized in Figure 1 . It demonstrates the universality of the 128 appearance of over/under represented of synaptically-connected cells triplets (motifs) in a variety of cortical 129 networks and in the cerebellum. These same triplet motifs also appear in two different densely reconstructed in 130 silico neocortical microcircuits (NMCs), whose building blocks are 3D reconstructed neurons of various types, 131 positioned at their respective 3D cortical volume. Experimentally, identifying synaptically-connected triplet 132 motifs in local microcircuits utilizes in vitro whole-cell patch-recordings ( Fig. 1a, top) . From such recordings it is 133 possible to extract a connectivity graph for this 12-cell circuit (Fig. 1a, bottom) . The frequency of these same 134 triplet motifs could be measured in the NMC; an example is shown in Figure 1b What could be the origin for such universality in the prevalence of overrepresented triplet motifs? This question 146 is examined theoretically using the NMC as a benchmark circuit. Connectivity in the NMC is based on the 147 proximity of axons and dendrites ("touch detection" algorithm) together with a set of synaptic pruning rules, 148 which are set to maintain an observed distribution of contacts per connection but are consistent with purely 149 geometry driven connectivity pattern 13, 16 . Therefore, the emergence of triplet motifs in this circuit must arise 150 from certain geometrical rules (see Discussion). We uncovered these rules by building a series of network models 151 which progressively take into account higher-order features of the geometry underlying neuronal connectivity 152 in the NMC, exploring whether these triplet motifs will emerge in these generative network models as they do 153 in the NMC target circuit (Fig. 2, Supplementary Fig. 1) . 154 We started by focusing our attention on L5-TTPCs and constructed the simplest, 1 st order, statistical network: 155 an Erdős-Rényi random network with the same average connection probability of p = 0.025 as in the NMC 156 ( Fig. 2a , and the x-axis in Figure 2f , see also [3] [4] [5] 14, 15 ). The over-and under-represented triplet motifs in the 8 Next, we constructed a 2 nd -order statistical network, which considers the dependence of connection probability 159 on intersomatic distance as in the NMC (Figure 2b and red line in Figure 2f , see also 4, 5, 14 ). This statistical 160 circuit does not explain the profile of motifs that were found in the NMC. In particular, motif #7 which is the 161 underrepresented in the NMC is overrepresented in the distance-dependent statistical circuit.
162
The next 3 rd -order model considers also the implication of the asymmetrical geometry of L5-TTPCs whose 163 dendrites tend to project upwards towards the pia (in the z-direction) and their axons tends to project in the 164 opposite direction. Because the prerequisite for the formation of a synapse is that the axon of the presynaptic 165 cell should come close to the dendrite of the post-synaptic cell, the probability of connection between pairs of 166 L5-TTPCs in the NMC is larger in the downwards (z) direction. Indeed, taking into account this bipolar effect 167 when quantifying the connection probability uncovers highly anisotropic connectivity function (Fig. 2c ). This 168 model starts to capture the representation trends of the observed motifs. Specifically, in this "bipolar" distance-169 dependent model, motifs #3, #4, #5, and #6 are overrepresented with respect to Erdős-Rényi reference model, 170 whereas motif #7 is underrepresented, as is the case of the NMC (Fig. 2f, yellow line) . It is important to note 171 that, in both Erdős-Rényi and distance-dependent models, the probabilities for motif #4 and motif #7 are 172 identical. Thus, by taking into consideration the anisotropy imposed by the bipolar nature of L5-TTPCs, the 173 symmetry between motifs #4 and #7 is properly broken.
174
In our 4 th -order model, we further added the dependency of connection probability on the 3D offset between partner as compared to L5-TTPCs whose somata are located deeper in layer 5 ( Fig. 2e) . When this effect was 183 taken into account in the 5 th order model, the reproduced motif profile was even closer to that of the NMC (Fig.   184 2f, light blue line).
185
Geometrical considerations explain the emergence of cortical motifs 186 The very close similarity between triplet distribution in experiments and in silico (geometrically-based) NMC 187 model, strongly suggests that the emergence and frequency of triplet motifs in the biological tissue can be 188 explained, to the most part, based solely on geometrical considerations. The emergence of triplet motifs for 189 highly polar neurons, such as L5-TTPCs, depends strongly on their exact bipolar structure and position in 3D 190 (Fig. 3a) . When the neuron is more isotropic, as is the case for the inverted L6 pyramidal neurons (in which 191 dendrites and axons tend to overlap), then models beyond the 2 nd -order distance-dependent model do not 192 provide further improvement for explaining the triplet distribution of networks composed of such cells (Fig. 3b) .
9
This implies that, in cortical microcircuits, processes such a "cortical specificity" and/or structural plasticity play 194 a second order role in shaping motifs structure and frequency. We thus concluded that the skeleton of motifs is 195 dictated, innately, by geometrical considerations; namely by the position of the neurons in 3D and the 196 asymmetry of their morphology.
197
Interestingly, the series of the generative network models provided an additional prediction for the embedding 198 of particular motifs in space. For instance, the models beyond the 2 nd -order distance-dependent model predict 199 that, for polarized cells, the embedding of the feedforward motif (#4) is such that the "source" neuron (the 200 neuron that projects to the other two neurons) is located above the other two cells whereas the "sink" neuron 201 (receiving synapses from the other two neurons) is the lowest (Supplementary Fig. 2) . Indeed, we found a 202 tendency for such an alignment in the NMC circuitry (Fig. 3a4) as well as in the experimental results (see 203 Figure 4 and text below).
204

Experimental analysis of triplet motifs in L5 cortical pyramidal cells 205
To experimentally examine the predictions about the embedding of motifs in space we recorded from L5-
206
TTPCs from the somatosensory cortex of the rat using in vitro 12-patch whole-cell recordings (Fig. 4a) . A total 207 of 7,309 triplets were mapped and characterized, as in the example shown in line depicts the average position of the cells for that particular triplet. The same analysis, for the same "thickness" 214 of a "cortical slice", was performed in the NMC for L5-TTPCs (Fig. 4e, Methods) . The analysis indeed shows 215 that, as predicted by the model, that there is a close match between the specific triplet motifs and the relative 216 position of their constituting neurons also in the biological tissue. 
